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Deoxyuridine triphosphatase (dUTPase) is a ubiquitous enzyme that has been
widely studied owing to its function and evolutionary significance. The gene
coding for the dUTPase from the Chlorella alga was codon-optimized and
synthesized. The synthetic gene was expressed in Escherichia coli and
recombinant core Chlorella dUTPase (chdUTPase) was purified. Crystallization
of chdUTPase was performed by the repetitive hanging-drop vapor-diffusion
method at 298 K with ammonium sulfate as the precipitant. In the presence
of 20-deoxyuridine-50-[(,)-imido]triphosphate and magnesium, the enzyme
produced die-shaped hexagonalR3 crystals with unit-cell parameters a = b = 66.9,
c = 93.6 A˚,  = 120. X-ray diffraction data for chdUTPase were collected to
1.6 A˚ resolution. The crystallization of chdUTPase with manganese resulted in
very fragile clusters of needles.
1. Introduction
Chlorella is a unicellular photosynthetic eukaryote belonging to
the Viridiplantae phylum. Recently, the entire genome of C. variabilis
NC64A has been published and its co-evolution with Chlorella
viruses has been demonstrated (Blanc et al., 2010). Chlorella viruses
are double-stranded DNA viruses with many genes (Van Etten et al.,
2010). For instance, the chlorovirus PBCV-1 has been predicted to
have 366 coding sequences (Li et al., 1997; Kutish et al., 1996; Lu et al.,
1995, 1996). Curiously, Chlorella viruses have many genes encoded in
their genome but very few of these genes have been functionally
annotated (Van Etten, 2003). One way of addressing the host–virus
interaction is to perform comparative studies. We chose Chlorella
deoxyuridine triphosphatase enzyme as a model system to unravel
the host–virus relationship and studies have been successfully con-
ducted on the structure and function of this enzyme (Zhang et al.,
2005; Homma & Moriyama, 2009).
dUTPase is an enzyme that catalyzes the hydrolysis of deoxyuri-
dine triphosphate (dUTP) to deoxyuridine monophosphate (dUMP)
and pyrophosphate (Mol et al., 1996). The enzyme belongs to the
pyrimidine-biosynthesis pathway and provides a substrate, dUMP, to
the downstream enzyme thymidylate synthetase (Carreras & Santi,
1995). dUTPase plays a key role in the production of deoxythymidine
triphosphate (dTTP; Ladner et al., 1996). In order to avoid uracil
misincorporation into DNA (Tinkelenberg et al., 2002), organisms
facilitate higher dUTPase levels in dividing cells (Yan et al., 2011;
Traut, 1994). Viruses which replicate in environments rich in uracil
encode dUTPase (Spatz et al., 2007) and/or uracil-DNA glycosylase
(Boyle et al., 2011) to avoid the threat of misincorporation.
The structures of dUTPases can be divided into three categories:
trimers, trimer-mimicking monomers and nucleocapsid dUTPases
(Ve´rtessy & To´th, 2009). Most belong to the trimer form and have five
important motifs. In human dUTPase (Mol et al., 1996), the motif
sequences are motif 1, AGYDL; motif 2, PRSG; motif 3, GVIDE-
DYRG; motif 4, RIAQ; and motif 5, RGSGGFGST. In the plant
Arabidopsis thaliana (PDB entry 2p9o; Bajaj & Moriyama, 2007)
and in Saccharomyces cerevisiae (baker’s yeast; PDB entry 3p48;
Tchigvintsev et al., 2011) the five motifs are conserved, with some
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replacements (Supplementary Material Fig. S1a1). However, the key
residues forming the reactive intermediates are identical to those in
human dUTPase. Although the evolutionary and phylogenic rela-
tionships between baker’s yeast and Chlorella virus are unclear, they
have sequence variations in motifs 3 and 5 and share the same level of
kinetic parameters, including Km and Vmax. The putative Chlorella
dUTPase has 171 amino acids and the sequence starting at position 28
can be aligned well with the human dUTPase sequence starting at
position 22. The five motifs were also well conserved in Chlorella
dUTPases, except for the differences Tyr (human 48)/Phe (Chlorella
29) in motif 1 and Phe (human 158)/Tyr (Chlorella 139) in motif 5.
Since the Phe in motif 5 is critical, a potential compensatory mutation
may take place in motif 1 in Chlorella dUTPase. In order to identify
the quaternary structure and address the structural effects of the
potential compensatory mutations, we have initiated crystallographic
studies of Chlorella dUTPase.
2. Methods and results
2.1. Construction of the gene-expression system
We synthesized two versions of the dUTPase gene, encoding long
and core dUTPases. The longer version contains 60 amino acids
as leading residues which the core dUTPase lacks. The genome of
C. variabilisNC64A has a GC content of 67% and that of the putative
dUTPase-coding region is 66%. This GC content is higher than those
of the Escherichia coli genome (51%) and its dUTPase-coding region
(55%). There were two reasons for converting to bacterial codon
utilization for synthesis of the dUTPase gene. DNA synthesis with
high GC content is usually difficult and expensive (Jensen et al.,
2010). A significant mismatch in codon utilization would limit protein
expression (Holm, 1986). Therefore, we converted Chlorella codons
to the optimum codon set of E. coli (Sharp & Li, 1987; Natarajan et
al., 2011). The GC contents of the final products were 58 and 55% for
the long and core dUTPases, respectively. The DNAs synthesized by
GenScript (Piscataway, New Jersey, USA) were cloned into the
pGEX-2Texpression vector (GE Healthcare, Piscataway, New Jersey,
USA), which contains a removable glutathione S-transferase (GST)
tag, using restriction sites BamHI and EcoRI.
2.2. Production of Chlorella dUTPase
The expressed dUTPases were purified by GST affinity chroma-
tography in batch mode (Fig. 1) and subjected to thrombin cleavage
as described previously (Zhang et al., 2005; Homma & Moriyama,
2009). After a second GST affinity chromatography step to remove
unwanted minor protein fragments, the dUTPases were passed
through SP resin at pH 7.4. The proteins were purified to homo-
geneity. The gene construction was such that a glycylserine (GS)
peptide remained in the product. The long dUTPase contained 233
amino acids, consisting of GS, the 60 amino acids of the leading
peptide deduced from the preliminary genome annotation and the
171 amino acids of the entire dUTPase, and was unstable. Much
protein was lost during concentration and the dUTPase had a
tendency to aggregate. The short dUTPase contained 146 amino
acids, consisting of GS plus those of a truncated dUTPase that lacks
27 residues at the amino-terminus. The core dUTPase remained
active for over a year in buffer at 273 K in an ice–water bath.
2.3. Crystallization of Chlorella dUTPase
The crystallization of the core dUTPase was performed by the
hanging-drop vapor-diffusion method (McPherson, 1990) using the
NeXtal crystallization apparatus (Qiagen, Valencia, California, USA;
Bajaj & Moriyama, 2007; Homma & Moriyama, 2009), which has
movable lids and fixed cups on a base plate. Protein solutions con-
sisting of 20 mg ml1 dUTPase (approximately 0.4 mM as the trimer)
in 50 mM Tris–HCl buffer at various pH values (8.2, 8.5 and 8.9) were
prepared using Amicon Ultra-0.5 centrifugal filter devices (Millipore,
Billerica, Massachusetts, USA). From the original buffer, a dialysis
ratio of greater than 1:250 was achieved by repeated operations.
Drops were made up of 3 ml protein solution, 1 ml 5 mM MgCl2 or
MnCl2 and 1 ml 5 mM 20-deoxyuridine-50-[(,)-imido]triphosphate
(dUMPNPP; Jena Bioscience, Jena, Germany). The drops were
equilibrated against 2.2M ammonium sulfate in reverse-osmosis
water (RiOs, Millipore) at 298 K. There was no immediate precipi-
tation under any of the conditions.
After 3 d there was no precipitation in the crystallization drop with
magnesium ions. Therefore, the concentration of ammonium sulfate
was increased by moving the lid with the protein drop to another
crystallization cup containing a higher concentration of ammonium
sulfate. After a further 5 d, a 2 ml drop of 20%(w/v) polyethylene
glycol (PEG) 8000 (Hampton Research, Aliso Viejo, California, USA)
was added to the protein drop. Initially, rough layered crystals were
found in the pH 8.3 bin after two weeks (crystal type 1; Fig. 2a). A
type 1 crystal was transferred into a droplet of 1:100 diluted Izit
Crystal Dye (methylene blue trihydrate; Hampton Research) in 3M
ammonium sulfate. The crystal absorbed the dye, confirming that it
was a protein crystal. A type 1 crystal was mounted in a capillary and
exposed to X-rays on a SMARTApex CCD system using a Mo tube
(wavelength 0.711 A˚; Bruker AXS, Madison, Wisconsin, USA).
Diffraction was not observed from the type 1 crystal.
In order to improve the crystal quality of core Chlorella dUTPase,
repetitive crystallizations were performed at pH 8.3. All lids with
hanging protein drops were moved to their original crystallization
bins containing 2.2M ammonium sulfate and the crystals were
allowed to dissolve for 3 d. Because some crystals had been used in
the diffraction experiments, the concentration of protein was lower.
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Figure 1
SDS–PAGE images indicating the progress of purification of Chlorella core
dUTPase. LaneM in both gels contain molecular-weight markers (labeled in kDa).
Lane 1, total cell lysate. Lane 2, cell supernatant. Lane 3, the glutathione S-
transferase (GST; 26 kDa) fusion dUTPase (41 kDa) after batch glutathione
column chromatography. Lane 4, purified Chlorella core dUTPase (15 kDa).
1 Supplementary material has been deposited in the IUCr electronic archive
(Reference: FW5325).
Each drop was moved over a crystallization solution containing 3.0M
ammonium acetate and the solution was confirmed to be turbid with
microcrystals after overnight incubation. The drops were returned to
the bin containing 2.2M ammonium sulfate and the concentration of
ammonium sulfate was increased to 2.7M over 3 d in 0.1M incre-
ments. As phase separation took place in the drop, die-shaped crys-
tals formed (type 2; Fig. 2b and 2c).
2.4. Diffraction data collection
X-ray diffraction experiments were performed using a MicroMax-
007 rotating-anode generator (Cu K, 1.542 A˚) with Blue optics and
an R-AXIS VI++ imaging plate with cryoequipment (Rigaku, The
Woodlands, Texas, USA). Although 20%(w/v) trehalose and 3M
ammonium sulfate did not protect crystal quality during flash-cooing,
the crystals were successfully mounted using 20%(w/v) glycerol and
3M ammonium sulfate as a cryoprotectant. The crystal diffracted to
1.6 A˚ resolution. A complete data set was collected from a single
crystal. The recorded diffraction images were indexed, integrated and
scaled using HKL-2000 (HKL Research Inc.; Otwinowski & Minor,
1997). Initially, the crystal was treated as belonging to the trigonal
space group R3. However, after evaluating the self-rotation function
using theMOLREP program from the CCP4 program suite (Winn et
al., 2011), the space group was designated as hexagonal R3 (Fig. 3)
owing to the additional twofold axis. Analysis of the unit-cell content
assuming the hexagonal R3 space group and a monomer molecular
mass of 15 360 Da gave a Matthews coefficient of 2.63 A˚3 Da1 with a
solvent content of 53.19% when the number of molecules in the
asymmetric unit was assumed to be one. Thus, the type 2 crystals
belonged to the hexagonal space group R3, with unit-cell parameters
a = b = 66.9, c = 93.6 A˚,  = 120. Crystal parameters and data-
collection and structure-refinement statistics are summarized in
Table 1 (see also Supplementary Fig. 2).
2.5. Preliminary structure analysis
Preliminary structural analysis was performed using the PHENIX
software package (Adams et al., 2010). HKL-2000 and phenix.xtriage
indicated a lower I/(I) at 2.2 A˚ resolution owing to ice formation.
However, we judged that the diffraction data were still usable. To
solve the structure using the molecular-replacement method, a search
model was constructed using the SWISS-MODEL server (Arnold et
al., 2006) using chain A of human dUTPase (PDB entry 3ehw; Taka´cs
et al., 2009) as a template in the alignment mode. After locating the
search model in the crystal lattice using AutoMR and assuming two
monomers per asymmetric unit, a new model was built using Auto-
Build. The best model had a correlation coefficient of 0.81 and a
crystallographic R factor of 0.33. With a combination of repetitive
phenix.refine runs and visual inspection, the crystallographic Rfree
factor reached 0.18. The current model explains the electron density
that covers residues 7–126 of the 146 residues in the resolution range
27.0–1.7 A˚. Although the N- and C-termini were not found in the
electron-density map, the molecule formed a trimeric quaternary
structure (Supplementary Fig. 1b). This structure has been deposited
in the Protein Data Bank (Berman et al., 2000) as entry 3so2.
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Figure 2
Two types of core Chlorella dUTPase crystals. (a) Type 1 crystals found in the initial crystallization using 2.5M ammonium sulfate and a drop of 20% PEG 8000. (b, c) Type 2
crystals in the same crystallization well after repetitive crystallizations. The scale bars indicate 1 mm.
Figure 3
Self-rotation function: stereographic projection of the  = 180 section for Chlorella
core dUTPase assuming the trigonal space group R3 calculated with reflection data
from 28 to 10 A˚ resolution and a sphere of 23 A˚ using the MOLREP program
(Winn et al., 2011). Spherical polar angles are designated as follows: ’, the angle
from the Cartesian x axis (a) on the xy plane (ab); !, the angle from the z axis (c); ,
the rotation around the axis defined by ’!.
3. Discussion
From the preliminary structure analysis, we identified that the core
Chlorella dUTPase adopts a trimeric quaternary structure. We found
that Phe29 of Chlorella dUTPase in motif 1 is in the same location as
Tyr48 of human dUTPase. However, limited electron density was
obtained in the C-terminal region, including the active site. There-
fore, alternative crystallization is necessary in order to address the
structural implication of the Phe (human 158)/Tyr (Chlorella 139)
subsititution in motif 5. While the current model is limited, one way to
produce better crystals would be by the addition of an inhibitor, such
as the 30-azido derivative of dideoxy-UTP (Palme´n & Kvassman,
2010) or a -branched acyclic nucleoside analogue (Baragan˜a et al.,
2011), and/or by causing a mutation in Tyr/Phe139 (Recio et al., 2011).
These modifications would not only stabilize the structure of the
C-terminus but would also provide insight into the role of Tyr139.
We have been crystallizing a series of dUTPases from a plant
(Bajaj & Moriyama, 2007), an alga (this study) and algal viruses
(Homma & Moriyama, 2009). The sequence similarity among them
was approximately 53%. Of the four dUTPases above, the plant and
algal dUTPases were crystallized using ammonium sulfate as the
major precipitant. Chlorella virus dUTPase and its mutated deriva-
tives were crystallized using polyethylene glycol as the major preci-
pitant. This difference in the precipitant corresponded to the grand
average of hydropathy (GRAVY; Tobias et al., 1991) values. The
GRAVY values calculated using the ProtParam server (Gasteiger et
al., 2005) were 0.1 for the plant and algal dUTPases and 0.2 for the
Chlorella virus dUTPases.
The concentration of taurine in the crystallization of the plant
dUTPase was 250 times that of the protein. The addition of dUMP-
NPP to the crystallization of Arabidopsis dUTPase required more
ammonium sulfate. This observation was consistent with the crys-
tallization of Chlorella dUTPase, which required 2.7M ammonium
sulfate. However, the crystal provided a very weak electron-density
map at the termini. Further crystallization efforts will be necessary.
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Table 1
Summary of crystallographic data for Chlorella core dUTPase.
The scale log from HKL-2000 and the wwPDB validation report (PDB entry 3so2) were
used.
Space group R3 (H) (No. 146)
Unit-cell parameters (A˚, ) a = 66.91, c = 93.63,  = 120
Resolution (A˚) 50–1.6
Total reflections 18497
Completeness (%) 97.1
Rmerge 0.10
Refinement resolution (A˚) 27–1.7
Rwork 0.18
Rfree 0.19
Baverage (A˚
2) 27.0
No. of subunits in the asymmetric unit 1
Residues determined 7–126
